The mechanism of the appearance of a knee on the voltage-current curve of a plane Langmuir probe with an incident ion beam is investigated experimentally. The two-dimensional shape of the sheath formed in front of the probe is measured by an emissive probe. The knee is found to be due to the enhanced expansion of an electron sheath by beam reflection, which increases the effective area of the probe. A potential profile similar to a double layer is formed in front of the probe. A weak axial magnetic field, which reduces a radial electron flow and which makes inverted Vshaped two-dimensional potential contours, quenches the knee.
I. INTRODUCTION
Recently, experiments on the interaction of an ion beam with a plasma have been done in double plasma devices. 1 In such a low-density ( :S 10 9 cm -3) and low-energy beam (:S 30eV) system, retarding potential analyzers are used as diagnostics to measure the density and the velocity of beam ions. 2 The analyzers are often mounted on artificial satellites and rockets to measure the ion temperature in the magnetosphere and the ionosphere. On the other hand, Langmuir probes have been widely used as a simple and reliable diagnostic tool to measure the density and the velocity distribution of electrons. 4 We have found accidentally that the plane Langmuir probe is also useful as a diagnostic tool of beam ions in an unmagnetized plasma. It also has been found and studied by Weber et al. 5 Their result also shows that the electron current versus voltage characteristics of a plane Langmuir probe has a second knee at the bias t1>p + Vb' where t1>pand Vb are the plasma potential and the ion beam energy, respectively. However, the mechanism of formation of the knee has been only assumed and left unconfirmed experimentally. Appearance of ion cyclotron wave at the bias t1>p + Vb of the plane probe in a magnetized plasma with an ion beam was observed by Chan et al. , 6 which is also a useful technique of beam measurement.
In the present paper, we report detailed measurements performed with an emissive probe and a small probe. Characteristics of the plane probe in the presence of an ion beam have been studied for the electron saturation region. The effect of an external magnetic field on the knee is also investigated. The experiment is described in Sec. II. The experimental results are presented in Sec. III and are discussed in Sec. IV. Section V is the conclusion.
II. EXPERIMENTAL PROCEDURE
The experiment was performed in a multidipole doubleplasma device 40 cm in diameter and 90 cm in length. The ·'Permanent address: Department of Physics, University of California, Los Angeles, Calif. 90024. plasma volume was practically field free. The base vacuum pressure was 5 X 10-7 Torr. Data were taken in an argon plasma at a neutral pressure of (0.3-2.5) X 10-4 Torr. The device was separated into a target and a source chamber by a floating grid of 20 meshes per inch made of 0.1 mm-molybdenum wires. Plasmas in both chambers were created by independent discharges between tungsten filaments and aluminum rectangular pipes enclosing permanent magnets. The discharge voltage was 30-60 V and the discharge currents of target and source chamber were 0-100 and 50-200 mA, respectively. The plasma parameters were Te = 0.8-2 eV, T; "-'0.1 eV, and ne = 10 8 _10 9 cm -3. Some probes, a retarding energy analyzer, and an emissive probe were set up in the target chamber. The ion energy analyzer was 22 mm in diameter and consisted of two copper grids of 1500 meshes per inch and a collector plate. The first grid facing the plasma was kept at a floating potential. The bias voltage of the second grid G 2 was varied to select the energy of ions which arrived at the collector. The probes were axially or radially movable disc probes with different diameters D (5,20, and 30 mm) whose back sides were insulated with mica sheets. A small probe 2 mm in diameter was used to monitor the radial profile of the current to the probes. A small probe I mm in diameter with a guard ring 30 mm in diameter was also used to see the voltage-current characteristics at the central part of the plane probe. An emissive probe 3 mm long made of tungsten wire 0.1 mm in diameter was used to measure local potentials.
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III. EXPERIMENTAL RESULTS
A. Comparisons with the analyzer
When the anode potential Vs of the source chamber was raised against the target, beam ions whose energy Vb was equal to the difference t1>s -t1>p of plasma potentials of both chambers were injected into the target chamber through the floating grid. The plasma potential was 1-2 V higher than the anode potential. The beam density was about 15% of ne' A typical example of the measured electron current versus voltage of the plane probe 20 mm in diameter is shown in Fig. I (A) . The characteristic has two knees. One knee at a lower voltage corresponds to the plasma potential and to the electron saturation current as is well known. 4 The other knee is caused by the ion beam since it does not appear when there is not ion beam. However, the knee is not due to a beam current since the current is much smaller than the knee. lower than that obtained by the probe. However, the difference between them is smaller than 0.1 V. This is due to two effects. One is that the measured plasma potential is a function of the bias voltage of the outer grid of REA and that the lower the bias, the lower the position of the peak. K The other is that when probe draws the electron current, it moves the plasma potential to a higher potential.'! The measured beam energy VI)' which is the voltage difference between the two peaks in Figs. 1(C) and liD), is summarized in Fig. 2 for different conditions. Though the beam energy measured by the probe gives a higher value than that of REA, the difference (50.2 eV) is much smaller than Vb' The energy Vb was also obtained from the measured phase velocities of space-charge waves of the beam. I The result shows that the probe is useful to obtain the energy of ion beams. Next, we compare the beam energy distribution obtained from the probe with the analyzer. The full width 11E at the half maximum of beam peaks in Figs. 1(C) and liD) is plotted in Fig. 3 Nakamura, Nomura, and Stenzel Agreement of both .JE 's implies that the probe can be used as diagnostic tool to measure the energy distribution of the beam.
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Voltage-current characteristics like Fig. I (A) were taken with three probes of different diameters under the same plasma condition. The result shows that where the diameter is larger, the knee is more outstanding. It is noted that the plasma is still quiet even when the beam is reflected as seen in Fig. I(A) .
B. Potential profiles
The gradual increase of electron current above the plasma potential [see Fig. I{A) ] is due to expansion of the electron sheath. Therefore the enhancement of electron current when the beam is reflected is expected to be caused by an enlarged sheath dimension. To confirm the idea, local potentials were measured by the emissive probe. The floating potential of the emissive probe was considered to be the local potential. 10 Resistance to measure the floating potential was 10 Mil. Actually, in a plasma region, the plasma potential obtained by the small plane probe was higher ( S 0.2 V) than the floating potential of the emissive probe. Measured twodimensional equipotential contours are shown in Fig. 4 for different probe voltages. When Vp = 8 V, beam ions are not reflected and an electron sheath with a thickness L",4A D is formed in front of the probe, where AD is the Debye length.
On the other hand, when Vp is increased further to reflect incident beam ions, the sheath dimension (~20A D) becomes large as clearly seen in Fig. 4(b) . An example of axial potential profiles when the beam exists for several probe biases is shown in Fig. 5(a) . When Vp < <I> p' an ion sheath is formed in front of the probe. When <l>p < Vp < <l>s' the ion beam can reach the probe and an electron sheath is produced. When Vp ~ <1>" the front part of the electron sheath moves away from the probe surface and a shoulder-like structure is observed. The structure is similar to a double potential layer in a mirror magnetic field. 11 The height of the shoulder corresponds to the voltage at which the beam is reflected, i.e., the plasma potential <l>s of the source chamber. By Poisson's equation, the space-charge density is estimated and is shown in Fig. 5(b) . The height of the peak at z~7 mm is 1 X 10 7 cm -3, which is much smaller than the plasma density. The positive space charge at z = 5 mm is due to the stagnation of reflected beam ions. At the positive region d 2<1> I dz 2 < 0, so there must be a negative region where d 2<1> I dz 2 > 0 since
The measured sheath thickness L defined as the axial distance between the position where <I> = I V (~Tele) and the probe surface is shown in Fig. 6 as a function of the probe voltage measured from the plasma potential. As the electron current of probe disturbs the plasma potential, 9 <I> p depends on Vp as seen in Fig. 5 (2) Figure 6 shows that when the probe bias measured from the plasma potential is small, L is proportional to the bias, that is, the increment of the current varies linearly with the bias [see Fig. 1(C) ]. This has been obtained empirically.5 The current ratio I /10 is calculated from Eq. (1) with measured L shown in Fig. 6 . The result is shown by open circles in Fig. 7 . Qualitative agreement shows that increase of the probe current above the plasma potential is caused by increase of the effective area of the plane probe and that the knee is due to enhanced expansion of the sheath by the beam reflection. To see the current distribution of the probe surface, the small probe whose axial distance was 1 mm and whose bias was equal to the probe voltage Vp was scanned radially. probe bias is high enough to reflect the beam, the current density is maximum at the center. Therefore the ring probe showed a much larger knee than the other plane probes. The current increment of the knee of the ring probe was about three times larger than the current at the plasma potential.
C. Effect of magnetic field
An axial uniform magnetic field was applied with Helmholtz coils of 80 cm in diameter. Obtained voltage-current characteristics of the plane probe under various magnetic fields are traced in Fig. 9 . The electron gyroradius is 0.4 mm and the gyro radius of beam ions assuming a perpendicular energy of 1 e V is 13 cm when B = 70 G so that the electrons are magnetized but the ions are not. Though the magnetic field disturbs the discharge itself, it was found with the ion energy analyzer that the beam current became larger when the magnetic field was applied. Figure 9 shows that the knee disappears when the magnetic field is increased. The radial current profile of the probe is shown in Fig. 8 . The axial magnetic field suppresses the radial motion of the electrons; and electrons which diffuse into or which are created in a cylindrical tube defined by the lines offorce intercepted by the probe are easily collected by the probe. Therefore the number of electrons, i.e., electron current density, becomes smaller toward the center of the probe surface. In this case, even though the sheath expands axially, the effective surface is the probe surface itself and the knee does not occur.
Measure two-dimensional equipotential contours with (Vs = 10 V) and without (VS = -1 V) the ion beam in the presence of a magnetic field are shown in Fig. 10 . Far from the probe, the contours are parallel to the magnetic field lines and inverted V -shaped potential profiles are formed in front of the probe. Although sheath expansion occurs by the beam reflection, the axial potential shape is not like the double layer shown in Fig. 5(a) , but a monotonic decay with much larger sheath thickness.
IV. DISCUSSIONS
When the ion beam is reflected by an electric field in the sheath, the ions stagnate and their density increases much higher than the density of the electrons so that a positivespace-charge region is formed [ Fig. 5(b) ]. To neutralize the charge, electrons which come from the front part of the sheath are not enough so that the sheath has to expand in order for them to enter from the side. The density of the ions is at the maximum around the radial center, which is easily seen from Fig. 8 . As a result of this, the region in which negative electric field vectors face toward the center has to exist around the side of the cylindrical sheath [ Fig. 4(b) ]. The electric field also plays the role of decreasing the ion density by giving the ions a radially outward component of velocity. This scattering explains why the knee is not observed for a cylindrical probe 5 and why the knee is smaller for the smaller plane probe. The axial magnetic field stops radial flowing of electrons and even the radial electric field (Fig. 10) does not help electrons to focus on the central part of the probe due to drift motion. However, the strong radial electric field [=20 V /cm, Fig. lOla) ] scatters the ions outward and so does not cause the ions to stagnate since the ions are not magnetized. This explains the absence of a knee when the magnetic field is applied (Fig. 9) . The space-charge density and the electric field described above are determined self-consistently, although they are difficult to be calculated theoretically, since the phenomena are two-dimensional.
The measurement of beam density by the present method has been unsuccessful since the ratio of the current increment of the knee to the electron saturation current depends on the area of the probe and since the effective area of expanded sheath is found to depend on not only the beam temperature but also the beam energy.
V. CONCLUSIONS
Although we have found the formation of the knee independently of Weber, Armstrong, and Trulsen,5 they have already reported the diagnostic aspect of the phenomena. Therefore, in this paper, the mechanism of the formation of the knee, which is also suggested by Weber et af} is mainly described. The enhanced electron collective area is helpful for decreasng the charging up of the space shuttle 13 when an electron beam is launched since plasma ions become a beam to the moving shuttle. The plane Langmuir probe aboard a rocket should give information of ionospheric ions in the electron saturation region because the speed of rockets is much higher than the ion thermal velocity.
